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A PROPOSED ABSOLUTE TEMPERATURE SCALE FOR CERIUM
%
MAGNESIUM NITRATE BELOW 0.003 K
James J. HuntzickerT snd D. A. Shirley
Lawrence Radiation Laboratory
University of California

Berkeley, California 9LT09

January 1970

ABSTRACT
The absolute temperature scale for single crystal cerium magnesium nitrate
(CMN) has been extended to entropies as low as S/R = 0.002 by adiabatic
demagnetization from values of H/T up to 68 kOe/K. The temperature dependence
of the highly anisotropic angular distribution of the 255-keV vy ray from

oriented 137m

Ce in the CMN provided the thermometric parameter. The nuclear
orientation results were interpreted with the spin Hamiltonian

H = ngHxSx + B(SXIX + Sny) where H  is a calculated dipolar field. The
hyperfine structure constant B was determined by normalizing the higher
temperature nuclear orientation results to the calorimetric results of Hudson

and Kaeser and of Mess et al. at high entropies. A provisional temperature scale,
based on both our nuclear orientation results and the calorimetric work, is
proposed. This scale is compared in detail with the results from earlier

studies of CMN.

137mCe Y-ray thermometer was also used to investigate the thermal

The
behavior of cerium zinc nitrate (CZN). The preliminary nuclear orientation

results indicate a high degree of similarity between CZN . and CMN.
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I. INTRODUCTION

Cerium magnesium nitrate, CeQMg3(N03)l2

recognized as a substance capable of being cooled by adiabatic demagnetization

=2hH20 (CMN), has long been

to extremely low temperatures. The pioneer investigation of the temperature
scale for single crystal CMN wag reported by Daniels and Robinsonl in 1953.
Using ¢alorimetric methods, they found that the minimum temperature reached

was 3.08 mK (millidegrees K) and was constant for all values of the magnetic
entropy in the range S/R < 0.45. Above 6 mK Curie's law was found to be obeyed,
with T and S related by n2 - S/R = 3.2 X 10“6T_2., In a subsequent re—analysisv
of their date, de Klérk2 asserted that the temperature did not become constant
at S/R = 0.45 but continued to decresse to 2.25 mK at S/R = 0.150.

3 demonstrated that nuclear orientation

In 1965 Frankel, Shirley, and Stone
could be used to determine the temperature scale of CMN. They
found that both of the above T-8 relations were unable to explain the nuclear

13TMee in OMN below 3 mK. Using their data and the

orientation results for
Daniels and Robinson results above 6 mK, Frankel et al. derived a new T-S
relation. They found that the temperature did not become constant at any value
of entropy in the range available to them and at S/R = 0.303 (the lowest
entropy which they reached), they reported T = 1.94 mK.

In & recently reported investigation of single crystal CMN, Hudson
and Ka.eserh studied both spherical and ellipsoidal samples using the calorimetric
Y-ray heating method. They found no shape dependence in the T-S5 correlation,
and they confirmed that Curie's law was qbeyed down to 6 mK. However, they

6

found that for the Curie law region n2 - S/R = 2.88 x 10~ TGQ, in significant
disagreement with the value given by Daniels and Robinson.

At temperatures greater than 15 mK they observed
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a departure from the T~2 dependence. At the low-temperature end of the scale

their results differed somewhat from those of Frankel gﬁ_gi,, and below S/R = 0.296

they found the temperature to be essentially constant and equal to 1.53 % 0.3 nmK.
Shortly after the present experimental work was completed, a calori-

metric study of CMN was reported by the Leiden group (Mess gi_gl,s). This

work differed from the earlier calorimetric studies in two respects. First the

energy input was accomplished by Joule heating rather than by y-ray heating.

Secondly, lower entropies were obtained through a two-stege adisbatic demagneti-

zation process. The results of this work can be summarized as follows: In the

-6T—2

temperature renge 8 mK < T <20 mK, #n2 - S/R = (2.4 £ 0.1) x 10 while

for 20 mK < T < 150 mK the T“Q dependence is not obeyed. Above 150 mK,
2n2 - 8/R = 3.1 X 1070072,
The lowest temperature measured was
1.0+ 0.3 mK at S/R = 0.02. Finally, magnetic susceptibility measurements
indicated that at T = 1.9 £ 0.1 mK CMNV undergoes a transition to a ferromagnetic
state., This last point has been disputed by Abeshouse gﬁ_g&,6 who interpret
their susceptibility results as indicative of an antiferromagnetic transition.
The work reported in this paper was undertaken to extend the entropy-
temperature relation over a wide range via the nuclear orientation method. The
theory of this method is given in Section II. BSection III concerns experimental
details, and results are given in Section IV. The results are discussed and

compared with other work in Section V. Section VI deals with a preliminary

nuclear orientation study of cerium zinc nitrate.
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II. THEORY OF THE NUCLEAR ORIENTATION METHOD
In nuclear orientation studies employing CMN, it is important to know
the absolute temperature of the cooled crystal. The original objective of this

research was simply to establish a relation between T ., the final temperature

fB
attained on adisbatic demagnetization, and the initial conditions before
demagnetizing, i. e., the magnetizing field H and the bath temperature Ti°

But H and T, determine the initial entropy, S(H,Ti). Thus, provided that

the demagnetization is adiabatic (Si = S_), a knowledge of T

. (H’Ti) is equiva-

f

f(Sf), i.e., the low-temperature zero-field T-S relation.

The usual method for determining this relation employs an external heat input

lent to a knowledge of T

(calorimetric method). At the lowest temperatures the calorimetric method loses
accuracy, however, while the accuracy of the nuclear orientation method improves.
The reason for this is that the magnetic susceptibility, which is the thermo-
metric parameter for the calorimetric method, becomes only very weakly temperature-
dependent while the y-ray anisotropy, which is the thermometric parameter in

the nuclear orientation method, retains considerable temperature sensitivity at
the lowest temperatures attained. The nuclear orientation method is also sub-
Jject to some uncertainties which will be discussed in detail in Sec. V. Despite
these uncerﬁaiﬁties it seemed worthwhile to use nuclear oriéntation to shed

what light it can on the T-8 relation for CMN at the lowest temperatures. We
feel that the nuclear orientation method may be the best of a rather poor set

of choices for determining the T-S5 relation of CMN at the lowest temperatures.
The study of CMN has unfortunately been characterized by a good deal of dis-

agreement among the results of different investigators. Another feature of
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several investigations has been a failure to make anykreally quantitative assess-
ment of the errors to be associated with final results. Accordingly in this
research we have gone to conslderable lengths to make an accurate, objective
evaluation of errors in our measurements.

Our procedure 1s described in detail below. Briefly it is to calculate
S from the measured values of H ~and Ti prior to demagnetization and to
obtain T from the y-ray anigotropy of the radicactive isotope l37mCe_ Since
the magnetic susceptibility ¥ is irrelevant in this work (and relatively
temperature-insensitive at the lowest temperatures anyway), we have not measured
x(T). Accordingly9 our measurements provide the T-S relation for CMN, and
they also yield data that allow the use of 137mCe in CMN‘as a nuclear thermo-
meter. Of course the Y-ray distribution, rather than x(T), is the thermo-
metric parameter.

13Tm

The evaiuation of S and T for Ce in CMN is described below.

Entropy
137

The nuclear entropy of the Te present (about lOlO atoms) is
negligible as is the CMN lattice entropy at Ti < 1 K. We therefore need only
consider the electronic-magnetic entropy of the Ce3+ ions. The entropy
removed during the isothermal magnetization of a paramagnetic salt may be cal-

culated from a knowledge of the partition function:

N
E:}xp(m ej/kT) (11.1)

O
i
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S = kfnQ + km(%%@) (11.2)
' H

where Ej are the energies of the electronic energy levels and N 1is the

o+
number of ions. Ce3 has a single Lf electron outside a closed shell, and in
the double nitrate crystal the three lowest states are Kramers' doublets split

by the crystal field from the lowest (mainly 2F ) free-ion level. The lowest

5/2
doublet lies approximately 36 K7 below the next doublet, and consequently only
this state is significantly populated at temperatures in the liquid helium
range. High field magnetization and electron spin resonance measurements by

8,9

Williamson et al. indicate that the ionic crystal-field model adequately
explaing their data and that the energies of the lowest Kramers' doublet states

are given by:

8 82H2 B3H3
E. = - =B -~ B' +C (11.3)
1 ° k 2
g 2.2 3.3
EE=%8H~B'B§ _0812{ . (TT-})

where g = 1. 840 9510’119

B is the Bohr msgneton, and B' and C are
constants evaluated by second and third order perturbation theory. It can be
shown that the second order term gives no contribution to the entropy. The
contribution of the third order term to the entropy is negligible under our
experimental conditions, its maximum value in our experiments being

|A83| < 0.00l R at H=20k0e and T = 0.31 K. Thus S can be regarded
as a function of H/T only and can be read from the tabulation of Hull and

Hull12 for & spin-1/2 paramagnet.
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The Absolute Temperature

The entropy of a system having energy levels Sj is given by

S = -k 'Zmej)zny(ej) (1I.5)
P

where P(e,) ié the occupation probability of the level of energy €ja

J

exp(- €, /kT)
Ple,) = o . (11.6)
J 3 exp(- €j/kT)

Thus any measurement that determines occupation probabilities also determines
the absolute temperatures--provided that gll the relevant Ej are known.
Nuclear orientation is such a technique. It is useful only for measuring

temperatures much less than 1 K, because the ¢ are separated by only

J
n10%em Y. The angular distribution of radiation from oriented nuclei is
expressed as
W(6,T) = 1 + ZBk(T) U T g P (cos 0) . (11.7)

The summation runs from 2 to the lesser of 2L or 2I where L 1is the

transition multipolarity and I is the nuclear spin. Uk is an angular

momentum factor concerned with preceding unobserved transitions (if any),

and Fk is an angular correlation coefficient for the observed transition.

The coefficient & corrects for the finite solid angle subtended by the

i

detector, and Pk(cos 8) is a Legendre polynomial.



e | UCRL-19541

All the temperature information is contained in the statistical

tensors Bk(T)’ which can be written as

I I k
B = (21+1)/2(ope1)t/2 Z(—-l)l—m 0 (11.8)

k m=-=m O
m

where pmm is a diagonal element of the density matrix in the nuclesar manifold.
For a radio-isotope to be useful as a thermometer, the following three con-
ditions must be met: the nuclear temperature and the ionic temperature must

be equal; W(6,T) must be sensitive to T over the whole temperature range of
interest; and thé form of the spin Hamiltonian must be known. For CMN the first
condition should be met if the radio-isotope is a Ce atom becéuse the nuclear
and electronic éystems are coupled through the hyperfine intersasction. No
evidence of slow relaxation effects were found in this work. Previous

3,13,14 in this laboratory have shown that the second condition is

13T

experiments

Ce. The spin Hamiltonian is discussed below.

13Tm

satisfied by the isotope

Ce is shown in Fig. 1. The transition of

137mCe. Frankel gg.gi,lu

The decay scheme of
interest is the 255 keV y-ray from the 11/2- state in
have concluded that this transition should be very pure Mh. The maximum value
of k in Eg. (II.7) is therefore 8, and the values of F, may be obtained

15

from the tebulations of Ferentz and Rosenzwelg. As there are no preceding

transitions, Uk =1 for all k. In all the experiments reported herein the
sample was 10 cm from the face of a 3-inch X 3-inch NaI(Tl) scintillation
detector. The values of 85 and g), were obtained by graphical interpolation
from the tabulation of Yates.l6 8¢ and gy were calculated from Rogse's

formulea for unit efficiency:
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Pk~l(cos 8) - cos 6 Pk(cos 8)

& = k + 1)(1 - cos 8)

(11.9)

An "effective" cos 0 was chosen so as to reproduce the photopeak values of

g, and g, given by Yates and was found to be O,9h6h.l8 The coefficients

g6 and g8 were then calculated from this value of cos 0, and the values of
the various gk 'and Fk are tabulated in Table 1. The angular distribution

can then be written:

W(e,T) = 1 -'0.8191 B2(T) Pz(cos 8) + 0.3346 Bh(T) Ph(cos )

(II.10)
+ 0.0169 B6(T) P6(cos 8) - 0.07T7L Ba(T) Pa(cos 8) .

To calculate the Bk(T) the spin Hamiltonian must be known. The form
of the Hamiltonian may be deduced from the electron spin resonance work of

9 for lu'lCe(

Kedzie gﬁ_g&,l o) I = T7/2) in the isomorphous, diamagnetic crystal

LaQMgB(No3)12-euH20. They found:

= + + ] + + + I
H=g 8 HS, + g B(Hxsx HySy) As T, B(SXIK sy y),
(11.11)
with B >> A
In the concentrated salt both dipolar and exchange interactions between
R

the Ce3 ions may be present and should be included in the Hamiltonian. If the

dipolar interaction is regarded as an effective magnetic field acting on the

+ .
3 ions, classical calculations by FelsteinerQO yield a value of 60.67 Oe

Ce
for this field. Culvahouse gg'gi,zl have performed a quantum mechanical

calculation usihg the density matrix formalism and find that the dipolar effects
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can be approximated by a weighted superposition of locai fields at the Ce
site for the high temperature region (i.e., above 6 mK). This reduces to

a local field of 58 Oe at the lower temperatures. The effective field is
perpendicular to the trigonal axis of CMN for a given Ce3+ site, but in the
ensemble it is distributed equally along the three trigonal directions. Thus

the effective field does not, in the ensemble, destroy the axial symmetry and

create new components of Bk; it just changes the magnitude of Bk’ Because

of the large distance (8;56<A)22 between the Ce ions, the exchange interaction
is expected to be very small, and we shall neglect it. We have used the follow=-

ing zero-external-field Hamiltonian for the purpose of analysis:

#=3(s 1 + Sny) tg BHS, | (IT.12)

where we have set A = 0 (this is discussed in Section IV) and represented the
dipolar interaction by an effective magnetic field HX = 60.67 Oe. The effect
of the dipolar field on the temperature dependence of W(0) is shown in

Fig. 2.
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III. EXPERIMENTAL

Cryogenics

All the experiments reported in this paper were performed in a 3He

refrigerator manufactured by Cryonetics Corporation‘(Model 302, Burlington,
Massachusetts) and substantially modified in this laboratory. The apparatus

is a continuously operating refrigerator of the type described by Ambler and

23

Dove and is capable of maintaining temperatures as low as 0.3 K. Thermal

contact between the 3He bath and the sample was achieved by a small pressure

3

(< 0.02 Torr) of “He heat exchange gas which could be removed prior to de-

magnetization. Most of the demagnetizations were from initial temperatures of
.0.5 K where the vapor pressure of 3Hé is about 0.16 Torr; only the lowest
entropy runs originaeted from 0.3 K.

The initial temperature of the sample was determined by measuring the
vapor pressure of the 3He bath with é McLeod gauge (Consolidated Vacuum
Corporation GMmlOOA)vand correcting for thermomolecular pressure differences
with the results of Roberts and Sydoriakazh The vapor pressure measurement
was made only when thermal equilibrium was attained (i.e., when the heat of

3

magnetization had been completely dissipated into the “He bath). This point

could be determined by monitoring the exchange gas pressure and the 3He bath
pressure with thermocouple gauges. The estimated errors in the determination
vof the initial temperature are * 0.0015 K at 0.5 K and * 0.003 at 0.3 K3 they’
arise primarily from uncertainties associated with the McLeod gauge and

small pressure fluctuations in the 3He system.
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Magnetic Field

Magnetic fields up to 21 kOe were produced across a 2-5/8 inch gap by
a water-cooled, iron-core solenoid. The magnet power supply was capable
of producing currents up to 300 A with a current regulation of better than one
part in lO5 over the whole range. The field wag measured with a Rawson
rotating-coil gauss meter25 (Rawson Electrical Instrument Company, Cambridge,
Massachusetts) during each magnetization. At the end of each series of runs
the Rawson meter was calibrated against a model 203 George Associates rotating
coil gaussmeter (George Associates, Berkeley, California). The estimated
uncertainty in the field measurements is no larger than 1% for all values of

the field used in this experiment.

Sample Preparation

137mCe was produced in the Berkeley 88-inch cyclotron by a (p,3n)

139 The Ce was separated from the La by

4+
3 wa

reaction on La in high purity La20

3"
a solvent extraction method described by Glendenin gg_gg,26 The Ce 8
purified on a Dowex-50 cation exchange column and was then stripped off the
column with 6 M HCl. The solution was boiled to dryness, and the residue was
dissolved in saturated CMN solution at 5° C. Clear, visibly faultless,

natural single crystals of CMN between 10 and 15 mm in diameter and about 2 mm
thick were placed in the solution. This solution was refrigerated at 5° C, and
the radioactivity was allowed to grow into the crystals for 16-20 hours. The
crystals were then removed from the solution, dried, and placed into a non-

radiocactive CMN solution at 5° C. An inactive layer was allowed to grow for

16-24 hours. The CMN solution and crystals had been prepared in the usual way:
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3)3

as hydrates to form a saturated solution, repeated recrystallization until the

)

and Mg(N03 5

i.e., by mixing stoichiometric amounts of high purity Ce(NO

resulting crystals and solution were clear, and subsequent growth of the

, 2
crystals from the saturated solution at 5° C. A spectrochemical analysis T
of the CMN crystals revealed no significant impurities.  The results of this

énalysis are given in Appendix I.
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IV. RESULTS

The CMN ¢rystals were demegnetized from various values of H/T. When
zero field was reached, a timer was started, the magnet was rolled away, the
counters were rolled into position, and the counting was begun. Several
"cold" counts of 15 or 30 seconds duration ("1live" time) were taken, and after
approximately 5 minutes the crystals were warmed to the ambient bath temperature
by admitting 3He gas into the experimental chamber. A single "warm" count
of 5 or 10 minutes duration was taken for normalization. All the data were
accumulated in a PDP-7 computer (Digital Equipment Corporation, Maynard,
Massachusetts). Values of W(6 = 0) are plotted sgainst 2n2-S/R in Fig. 3.
The data have been corrected for background under the 255-keV Y ray; details
of this correction are given in Ref. 28. Corrections have also been made for
source decay and warm-up although the latter were negligible in most cases.
The error bars on W(0) represent one standard deviation and are calculated
in the usual way from the statistical errors in the "cold" and "warm" counts
and an estimated 6% uncertainty in the background correction. The error limits
on the entropy are about the size of the points in Fig. 3. These entropies have
not been corrected for radioactive heating effects during the isolation period
of the magnetization because calculation28 showed that this correction
was negligible.

To convert the values of W(0) into temperatures, the value of the
hyperfine structure constant B in Eg. (II.12) must be determined. Bécause

(lBYmCe) was unavailable, it was necessary

g magnetic resonance value of B
to determine B by normalizing our high temperature results to the calori-

metric results of Hudson and Kaeserh and/or to those of Mess gg_gi,B For the
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former there was no problem in doing this, and the entropy range
0.529 < S/R < 0.660 was used for the normalization. In this region both methods
(calorimetric and nuclear orientation) should be sensitive and reliable. The
value of B was varied until the best least-squares fit to the Hudson and
Kaeser data was obtained. This gave B/k = 0.00820 * 0.00042 K. An independent
check of this procedure is that the normalization of the Frankel et al. data to
the Hudson and Kaeser results in the same entropy range yields B/k = 0.00826 K,
in close agreement with the value obtained from our results. It was, however,
not possible to normalize our data directly to the results of Mess et al.
because the two sets of dats (oﬁrs and those of Mess, gg_g;.) diverged con-
siderably over the Vhole common entropy range. Fortunately an alternative pro-
cedure could be used. From Fig. 3 it is seen that our data and the nuclear
orientation data of Frankel g§.§£.3 converge below fn2 - S/R = O;OTO, Thus
the Frankel et al. data, which extend to higher temperatures and entropies,
were combined with ours and thé combined set of nuclear orientation data was
compared to the data of Mess é&_g}, to obtain another value of B. The most
favorable region’for such a normalization is the one in which both sets of data
obey a Curie law (i.e., S/R = &n2 - bTﬂg); namely, 0.655 < S/R < 0.687. This
normalization yields B/k = 0.00T7L49 K.

Thus two separate temperature scales, differing by 9%, were obtained.
These correspond to the two values of B/k obtained by high temperature
normalization of our data to the two sets of calorimetric data. With these
values of B/k, the W(0) data throughout the whole entropy range were con-
verted to temperature points ﬁith the aid of Egs. (II.8) end (II.10). The

results are plotted in Fig. 4. Note that the upper horizontal scale corresponds



«15- UCRL~-19541

(w0)
(T o))

The solid curve through the data represents a

to the Mess et al. normalization

(No)
PR

and the lower to the Hudson and
Kaeser normalization (T
least squares computer fit to the data except in the entropy region
0.340 < S/R < 0.5L0, where the data were fitted by hand.

Of course two temperature scales are undesirable. No definitive choice
can be made, however, until B/k is known both precisely and independently of
the calorimetric results. To temporarily ameliorate this problem, however, we

propose an "average' temperature scale (T ) based on our nuclear orientation

A
. - (NO) (wO)
results. Thus for a given entropy value T, = (1/2) {TMLNH * T }, where
(70) (w0) . . .
HK and TMLNH our nuclear orientation scales based on high-temperature

normalization to the HK and MINH scales. Selected values of S/R and TA

are tabulated in Table 2. The uncertainties in the various values of TA are
indicated in parentheses. These uncertainties correspond to the square root of
the sum of the squares of the uncertainties arising from the hyperfine structure
constant and from the curve-fitting proceduré. As such they are a good measure
of the precision of the TA scale: 1its accuracy still depends on the accuracies
of the calorimetric T(S) relations in the high-temperature normalization range.
It is easily shown that setting A = 0 has negligible effect on the
interpretation of our data. The value of A can be approximated by the
following relation: A/B &‘g”/gl, Using g = 0.03 and B/k = 0.00820 K, we
find A/k & 1.375 X 10"1“ K. From Egs. (II.8) and (II.10) we calculated W(0)
with respect to T for A/k =0 and A/k = 1.375 X lO_u K and found that for

a given value of W(0) +the largest temperature difference between the two cases

if only 0.02 mK. Thus setting A = 0 1is justified.
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The heat capacity <CI= T %%—, can be obtained by differentiation of
the S-T curve. The results are depicted in Fig. 5. The maximum in the
heat capacity falls at about 1.66 mK which can be compared with the heat
capacity peak at 1.9 mK in the work of Mess et al. The maximum slope in the
Hudson'and Kaeser curve occurs at 1.53 mK. Only gqualitative significance
should be placed on our heat capacity curve since it results from a differentiation
of our experimental curve and is thus quite sensitive to the curve-fitting
procedure. Of course in the calorimetric studiesl’h’5 the temperature scale

itself is obtained by differentiation, and a heat capacity such as that reported

by Mess et al. is obtained by double differentiation, of a curve through the

data.
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V. DISCUSSION

The four most recent T-S scales are shown in Fig. 6. The two
nuclear orientation scales (Frankel et al. and Huntzicker and Shirley) are in
reasonable agreement although the Frankel et al. results yleld systematically
higher temperatures for a given entropy than do the present results. The
results of Frankel et al. have been renormalized to the average of the Mess
et al. and Hudson and Kaeser results at high temperatures in a manner similar
to that described in Section IV. 1In Fig. 3 the Y-ray anisotropy data are com-
pared for the two experiments. The smooth line through the present results
corresponds to the smooth line in Fig. L4, but with the values of T converted
to W(0). The broken line represents the results of Frankel et al. As in the
T-S plot there is a systematic discrepancy between the two. The explanation
for this difference probably lies in the method of correction for the background
under the y-ray peak. This is a difficult correction to make, and the present
work represents a somewhat more sophisticated approach to the problem than used
by Frankel et al. Moreover, inspection of the data of Frankel et al. reveals
that their experimental scatter is somewhat grester than in our work. We
believe, therefore, that the presént results are definitely to be preferred over
those of Frankel et al.

The disagreement between our results and the calorimetric results appears
to be more serious--especially for temperatures below 2 mK. Furthermore thefe
is a complete lack of agreement between the two calorimetric scales themselves.
In Fig. 7T thé quoted errors are depicted for our work and for the two calorimetric
scales. This figure illustrates one of the most important advantages of the

nuclear orientation method: namely, that it retains considerable sensitivity
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even to the lowest temperatures (see also Fig. 2) where the calorimetric
nethods deteriorate. It should be noted that the error limits on our scale can
be reduced by _ 50-70% when an accurate value of the hyperfine
structure parameter B is available.

Since the publication of the Frankel et al. results, which also
originated from this laboratory, & number of comments have been made (in the
comparison of different experimentally determined temperature scales for CMN)
wnich indicate that a critical comparison of the different methods for
obtaining T would be useful. The basic principle of the calorimetric pro-
cedure is to demagnetize from a known entropy and to measure the heat (Q)
required to warm the sample to some known reference temperature. When this is
done for a number of initial entropies, an S-Q curve is obtained. Differentiation
of this curve ylelds the temperature (&‘= %g- . In the nuclear orientation
technique one also demagnetizes from various initial entropies but measures
Y-ray anisotropies instead of heat input, and therefore does not have to
differentiate the data. The y-ray anisotropies are converted to temperatures
as described in Sections II and IV.

An obvious requirement for all three methods is that the entropy of
the sample be known immedistely after demagnetization; that is, the demagnetization
must be adiabatic. In general this condition is probably well-satisfied. In
the mesgsurement of heat content, however, one must be concerned with three
problems:’ the calibration of the heater, extraneous heagt leaks, and the
constancy (or lack thereof) of the rate of heat absorption by the CMN over the
whole temperature range. The solution to the first is usually straighté

forward although quite critical since the temperature can be determined only
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as accurately as the rate of heating. Of course one can determine this rate
by high-temperature normalization of the temperature. The problem of extraneous
heat leak can be minimized by using a large rate of heating relative to the leak.
In addition corrections for the heat leak must be estimated. The third condition
(i.e., constancy of heat absorption) is usually assumed to be valid although not
always verified experimentally. In the nuclear orientation method the measure-
ment of the y-ray anisotropy must be made while the entropy of the sample is
8till known. Experimentally this is equivalent to making an essentially iso-
thermal measurement as determined by the time rate of change of W(0). If the
measurement is not isothermal, then the results must be extrapolated back to the
time of demagnetization. Such a situation generally occurs only in the relative-
ly high~temperature, low heét capacity region. For all but four of the demagneti-
zations in this work, the isothermal condition was met for lengths of time
sufficient fo acquire reasonable counting statistics in W(0).

The most serious problem encountered in the calorimetric technique is

that the temperature is obtained by a differentiation of the experimental S-Q

curve. Thus the derived temperature is very sensitive to the curve fitting

of the B8-Q data. Moreover, any experimental scatter at the lowest entropies
can cause large uncertainties in the slope (T) since there is no fixed point
other than absolute zero to anchor the T-3 curve. It should be noted that
the heat function, Q, is determined in the calorimetric experiments by heating
the specimen from various low temperatures to a given high temperature, TO.

It takes a given length of time, At', to heat the specimen from a given low-
temperature point, T'(S'), to TO. Thus one must extract a heat function,

Q', from a time interval At', making appropriate corrections for heat leak,

ete. While certain checks can be made on the various assumptions that go into
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determining Q' from At', we feel that these checks are not totally convincing.
Even if one accepts the Q-8 curve as being free of systematic error, the data
that have been presented by the two groups doing calorimetric work (Fig. 5 in
Ref. 4 and Fig. 7 in Ref. 6) do not seem to us to be a quality that can be dif-
ferentiatedwith confidence to give T = dQ/dS with very high accuracy below 2 nK.

The question of error estimates is also important. In the nuclear orien-
tation work the estimation of errors is rather straightforward, although quite
involved328 and we believe that our error estimates give a realistic account of
both random and systematic errors. From expérience in this Laboratory, however,
we appreciate the difficulty associated with estimating errors in the calori-
metric experiments, especially at the lowest temperatures. We note that the
error estimétes in the HK and MLNH studies are grossly different. At S/R = 0.50,
for example, the HK estimate is * 0.3 mK. Mess, et al. give no error explicitely
for this entropy, but thelr discussion implies that the error is much smaller
than * 0,10 mK, This difference is not supported by the apparent relative
quality of the two sets of Q-8 data (Ref.l4, Fig. 5, and Ref. 5, Fig. 7). We
note, on closer study, that the § values for a given entropy are in very bad
digagreement in these two figures, differing by about a factor of 1.5 at the
highest entropies. This plight is illustrated in Fig. 8, where we have repro-
duced the two sets of @Q-S data. Apparently systematic errors in the calori-
metric work should receive further study before firm conclusion sbout magnetic
transitions can be drawn, especially since the Q-85 curves must be differen-
tiated to yield’the absolute temperature.

In the nuclear orientation technique the temperatures are derived

directly from the yY-ray anisotropies: no differentiation is required.



01 UCRL-19541

However, the spin Hamiltonian must be known, and in particular the hyperfine
structure parameter B must be determined by normalization to the high«temperan
ture calorimetric results. If a magnetic resonance value of B should becone
available, however, our T-8 scale would then be independent of the calorimetric
work. We feel that the weakest point in our work is the requirement that the
form of the Spin Hamiltonian be known. There is always a possibility that the
Hamiltonien might change at the lowest temperature in some unexpected way and
thus alter the y-ray angular distribution.

Actually the spin Hamiltonian must change at the lowest temperatures
because the magnetic entropy decreases rapidly, suggesting the onset of a col-
lective transition. However, the resultant v 60 Oe magnetic field HX perpen=
dicular to the c¢ axis has little effect on W(0), and this small effect is
calculable, as discussed above and illustrated in Fig. 2. In fact W(0) is

13 calculated W(0) for 0 < H, < th Oe

remarkably insengitive to HX: Frankel
and found less than a 10% change. Thus we do not regard the existence of
dipole-dipole interactions as a criticism to be taken seriously: the effect
on W(0) is small.

Quadrupole coupling can also be shown to have a negligible effect for
any reasonable value of the coupling constant. |

It is just possible that some Ce-Ce exchange is present at the lowest
temperatures, although with an interionic spacing of 8.56 A the interaction would
be very small. The major effect of exchange could be described phenomenologically
by altering the value of HX in the spin Hamiltonian. Even a fairly large
variation in HX will not affect W(0) wvery much, and Hx cannot in fact
be grossly different from 60 Qe if ng Vv kTC. Still the possibility is always
present that the nuclear orientation results are affected at the lowest tempera-

tures by exchange interactions.
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As we'have alfeady pointed out, the two nuclear orientation scales are
reasonably consistent while the two calorimetric scales are quite different.
Moreover it should also be pointed out that although the two nuclear orientation
scales originated from the same laboratory, the’apparatus9 the samples, and
the methods of data analysis were different for the two scales. Thus any syste-
matic errors peculiar to a particular apparatus can be ruled out. For this
reason and those cited above, we feel that the low temperature (T < 3 mK) results
of the present work more closely représent the thermal behavior of CMN than do

the calorimetric scales.
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13Tm

VI. THE NUCLEAR ORIENTATION OF Ce IN CERIUM ZINC NITRATE

In this section the preliminary results of a nuclear orientation

137

experiment for mCe in cerium zinec nitrate (CZN) are presented. This salt
has also been used in low temperature experiments, but its thermodynamic

properties have never been investigated. It therefore seemed worthwhile to
137

use the mCe thermometer to study the low temperature behavior of CZN.

CZN has been used primarily by Culvashouse, Sapp, and colleagues at
the University of Kansas. They measured the electronic g-factors of Ce3+
in a CZN crystal with a small amount of Co substituted for the Zn and found
g = 1.823 * 0.007 29 and g = 0.125.30 ThornleyT has measured the far in-
frared spectrum of CZN and has determined the splitting between the two lowest
Kramers' doublets to be A/k = 30.2 * 0.4 K. These values are quite similar
to the values found for CMN and seem to indicate that CMN and CZN have similar
crystal-field properties.

Culvahouse gg’gé,3o have investigated the crystal structure of CZIN
by the x-ray powder diffraction technique and find unit cell dimensions
similar to those of Zalkin 33.2;322 A Laue photograph of single crystal CZN

with the x-ray beam along the trigonal axis indicated C symmetry in contra-

3v
diction with the C3i symietry found by Zalkin et al. for CMN. Furthermore,
investigation of the divalent sites in CZN by paramagnetic resonance3o gave
results which are in disagreement with the findings of Zalkin et al. for CMN.

It seems unlikely that the structure of CMN and CZN are significantly different,

but only & thorough crystallographic study will decide this question.
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CZN has previously been used in nuclear orientation experiments, but
the absence of a temperature scale for this salt has hampered the interpretation

60

of the data. Levi gE'Q;:EQ have studied the nuclear oriéntation of "Co
in CZN and found a considerably larger anisotropy thanbfound for 6000 in CMI\I.?’J”32
They interpreted the CZN results in terms of a temperafure dependent local
magnetic field set up at the Co X sites and zero magnetic field at the Co Y
sites with the ratio (Co in X)/(Co in Y) = 1.6 (There are two types of
divalent sites; cf. Ref. 22.) The limiting field was found to be 165 Oe in
contrast with the 66.71 Oe field calculated at a Mg site in CMN by Daniels and
Felsteiner.33 Carboni and Sapp53h however, have pointed out that the paramagnetic
Co2+ ion will perturb the Ce long-range order and that the spatial reversal of
one nearest neighbor Ce dipole would more than compensate for the difference.
Carbonl and Sépp also suggested that the 60Co in CMN results could be explained
by a locel field of 165 Oe, (Co in X)/(Co in Y) = 2, and a lowest temperature
of 1.05 mK.
The temperature invoked by Carboni and Sapp for CMN is inconsistent
with the resulté presented in Section IV, and the temperatures in the CZN
experiments were not well known. The data which are given below suggest a
high degree of similarity in the thermal properties of the two salts. Some
qualitative conclusions may be drawn from these results. We present them here
because of this and because we do not plan to do further work in the CZN problem.
The experimental technique and method of date reduction were identical
to that described in Sections III and IV of this paper. A spectrochemical

analysis of the CZN crystal indicated a 1% Mg impurity--presumably as a sub-

stitutional impurity for Zn. Analysis of the solution from which the CZN crystals



~25- UCRL-19541

were grown, however, showed only 0.07% Mg. 'The apparent conclusion is that
the double nitrate lattice exhibits a strong preference for the smaller
Mg2+ ion.

In Fig. 9, W(0) is plotted with against n2 = S/R; the scarcity of
data for fn2 - S/R > 0.50 is due to a failure in the apparatus. Entropy
values have been calculated from H/T and g = 1.823’ with the aid of the

12 The values of W(0) are corrected for radio-

tabulation by Hull and Hull.
active decay between the cold and warm counts and for background but not for
solid angle effects. The background correction in the calculation of W(0)
amounted to about 11% of the warm count. The solid curve through the data
represents the W(0), (2n2 - S/R) correlation derived from the smoothed Ty s
S/R curve f or CMN. The solid angle corrections, which were identical for the
two experiments, are incorporated into the curve.

Despite the small number of data points it is evident that the thermal
behavior of CZN and CMN are quite similar. No relisble data were obtained in
the entropy range 0.50 < 2n2 -~ S/R < 0.60, and so "anomalous" properties in this
region cannot be ruled out. The point at £n2 - S/R = 0.65, however, was
confirmed several times. The additional points at &n2- S/R = 0.65 are not
included in Fig. 9. The lack of any.calorimetric work on CZN precludes the

13Tm

determination of the hyperfine structure constant B for Ce in CZN, and

therefore actual temperatures for CZN cannot be derived from these dats.

137mCe

However, from the similarity in the nuclear orientation data for
in CZN and CMN, it can be concluded that the hyperfine structure constants
for the two cases must be very nearly the same. If this is the case, then

the minimum temperature obtainable with CZN is about 1.3 nK.
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In light of the results presented here, the early nuclear orientation
work on CZN should probably be re-interpreted. For example, as was mentioned
earlier, Levi g§~§lf29 derived a dipolar field of 165 Oe acting on a 60002+
ion in a CZN X site from their nuclear orientation data. They based their
interpretaﬁion on g minimum T%® = 3,3 mﬁ after demagnetization from
H/T ~ 26.8 k0e/K. If the CIN ané CMN T-8 rel%tions are identical, then the
actual temperature for this value of H/T is 1.60 mK. With this temperature,
however, the results of Levi et al. are re;sonably well explained by the cal-
culations of Daniels and Felsteiner33 who derived a dipolar field of 66.71 Oe
at the Co site. Furthermore the disagreement between the 60Co in CMN results
and the 6000 in CZN results are difficult to understand since the thermal
properties of the two salts seen similar. If the dipolar fields acting
on the Cog+ ions are equal for the two salts, then the only remaining variable
is the ratio (Co in X)/{Co in ¥Y). Since the "X and Y sites have quite
different hyperfine structure constants,Bh a large difference in the X/Y

ratioc between the two salts would have a significant effect on the nuclear

orientation results and could account for the disagreement.
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Table 1. F coefficients and solid angle fé.ctors for 137mCe.
k Fk gk

2 -0.88902 0.921k £ 0.0029

+0.4h3k1 0.7545 £ 0.0080

6 +0.03197 0.5297 * 0.0152

8 ~0.26243 0.2948 £ 0.0066




-31-

UCRL-19541

Table 2. Entropy-tempersture relations for CMN, including
proposed TA gcale.

S/R Ty e K Ty 51K T, »mK
0.002 1.29(9)P
0.010 1.30(9)
0.020 1.0% 1.32(9)
0.040 1.36(9)
0.050 1.2 1.38(9)
0.070 1.41(9)
0.100 1.k2 1.46(9)
0.130 1.51(9)
0.150 1.60 1.54(9)
0.170 1.57(9)
0.200 1.75 (1.53)% 1.62(9)
0.230 1.82 (1.53) 1.66(10)
0.250 1.86 (1.53) 1.69(10)
0.270 1.88 (1.53) 1.72(10)
0.300 1.92 1.53 1.77(10)
0.330 1.93 1.5k 1.83(11)
0.350 1.9 1.56. 1.88(12)
0.370 1.95 1.6k 1.95(13)
0. 400 1.97 1.81 2.07(13)
0.k420 2.00 1.9k 2.18(1k)
0.450 2.07 2.2L 2.37(15)
0.480 2.16 2.57 2.62(15)
0.500 2.25 2.8k 2.81(17)
0.510 2.34 2.98 2.92(17)
0.520 2,45 3.06 3.04(18)
0.530 2.58 3.32 3.18(18)
0.540 2.75 3.50 3.35(19)

(continued)
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Tagble 2. continued.

S/R T Ty oK T, K
0.550 2.94 3.69 3.55(20)
0.560 3.20 3.92 3.79(22)
0.570 B 3.58 k.20 4.05(23)
0.580 3.75 L.48 L.34(25)
0.590 L.o7 L.87 L.68(27)
0.600 4. 4o 5.30 5.06(29)°¢
0.610 L.80 5.75 5.47(30)
0.620 5,30 .26 5.93(32)
0.630 6.00 6.76 ' 6.146(35)

®We have made graphical interpolations, where necessary, using the values of
T given in Teble I of Ref. 4 and in Table 1 of Ref. 5. The precision of
the interpolation is 2-3 X ZLO'.5 K.

bErrors in last place are given parenthetically for the TA scale. Errors

in the other two scales are not indicated here. See Refs. U4 and 5.

®For S/R > 0.590, T, depends on the other two scales through the normelization

A
procedure discussed in text. For S/R < 0.590, T is derived directly from

the (normalized) nuclear orientation data. Only in the entropy range

)

< < s
0.655 < S/R < 0.687, is T, equal to l/Q(TMLHN * D)

A
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APPENDIX: SPECTROCHEMICAL ANALYSIS OF CMN

The CMN was prepared from 99.9% Mg(NO3)2°6H20 (J. T. Baker Chemical
Co., Phillipsburg, N. J.) and "purified" Ce(NO3)3'6H20 (Allied Chemical Co.,
Morristown, N. J.). Separate analyses of the Ce(NO3)3*6H20 and of the La203
target material are given in Ref. 28. |

The sample size of CMN was chosen to yield about 50 ug of Ce as the
metal. Cu, Al, and Ca were observed at the limits of detection, all of which
were 0.01 ug. Approximately 0.03 ug of Na were detected;~ The following
impurity elements were searched for but were not detected. The limits of
detection are indicated in parentheses.
Bi (0.05), Co (0;05), cr (0.01), Dy (0.1), Er (0.05), Eu(0.01), Fe (0.05),
Gd (0.05), Ho (0.05), La (0.05), Li (0.01), Lu (0.05), Mn (0.01), Nb (0.01),
Nd (0.1), Ni (0.01), Pb (0.1), Pr (0.1), Sc (0.05), 8i (0.01), Sm (0.05),
sn (0.1), ™ (0.5), Th (0.5), Ti (0.01), T2 (0.5), ™m (0.05), V (0.01),

Zn (0.1), Zr (0.01).
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FIGURE CAPTIONS

Fig. 1. l37m+gCe Decay Scheme, This figure was taken from Ref. 13.

Fig. 2. W(0) vs. 1/T. Curve a represents the case H =0 while curve b
corresponds to Hx = 60,67 Oe. The appropriate solid angle corrections are
included in these curves.

Fig. 3. W(0) as a function of fn2 - S/R. The solid curve through the data

represents our smoothed results and the broken curve the smoothed results

of Frankel, Shirley, and Stone.3
Fig. 4. S/R vs, T. The solid curve represents our smoothed results. Note the

two temperature scales, obtained by normalization of the nuclear orientation
results to the two sets of high-temperature calorimetric data. The scales

are not linearly interrelated.

Fig. 5. Heat Capacity vs, T, obtained by differentiating T=5 curve.

Fig. 6. S/R vs. T. Hudson and Kaeser " (HK); Mess ggigi,s (MLNH) ; Frankel

g_ig_g-}_.B (Fss); this work (HS).

Fig. 7. Comparison of Quoted Experimental Errors. Shaded area--this work;

horizontal lines--Hudson énd Kaeser; slanting lineéa—Mess et al.

Fig. 8. The heat content-entropy data from Fig. 5 of Ref. 4 (open circles) and
Fig. 7 of Ref. 5 (filled circles). Curves through these two sets of data
had to be differentiated to give the calorimetric temperature scales,:

- T = dQ/as,

13Tm

Fig. 9. Ce in CZN: W(0) vs. #n2 - S/R. The solid curve corresponds to

the (W(0), &n2 - S/R) correlation derived from the smoothed T-S/R curve

for CMN.



H/2 -

/2~
9/2 +
11 /2 + 0.182
(1/24) 0.708 §
0.492 ¢
3.5, 0.446
(342 +)
5)2 N 0.010 ¢
7/ 2+ /' 12 0
' g'37

UCRL-19541

Ce'3"™(34.4 hr)

I.T.

ce'®7 (9.0hr)

MU-35181



36w . UCRL=-19541

ol 1 v

200 400 600 800
| /7T

XBL689-6757

Fig. 2.



2.0

w(0)

. UCRL-195L1

T e o]

|
0.4 0.6
In 2-S/R

0.2

XBLT01-2275

fig. 3.



S/R

~38~ ‘ UCRL~-19541

TN (mK)

XBL701-2276

Fig. L.



=30~

UCRL-19541

0.5

2.0

3.0
THS(mK)

Fig. 5.

4.0

5.0

XBL7O1-2277



S/R

0.6

04

0.2

Fig. 6.

~UQw UCRL-19541
I H 7 ‘ i I 1
, | |
1.0 2.0 3.0 40 50 6.0 70
T(mK)

XBLT701-2278



S/R

e UCRL~-19541

0 2.0 30 2.0 5.0
T(mK)

XBL70I-2279

Fig. 7.



oo ' UCRL-19541

“CLES“’

132)
o)
; !QO“
@
=~
o
.S
2.0% | L &7 L |
0 Ol 02 03 04 05 06 O7
S/R |
XBL702-2363

Fig. 8.



2.0

W(0)

1.8

1.6

43 UCRL-19541

| |

| |

1
0.20 0.40 0.60
Iln 2-S/R

XBL 701-2280

Fig. 9.






-

=

=
=

-

s

-

=

-~

-

=

=
. =

-

Nw,ﬂ.,
i
o

-



.

.

SR -~
-

=

-






